Abstract Glycylglycine (Gly-Gly) transport across rabbit small intestinal brush border membrane vesicles was studied in the presence and absence of a Na+ gradient or a pH gradient. The transport was found to be entirely independent of Na+ but significantly stimulated by lowering extravesicular pH (pHo). The maximum stimulation was seen at pHo 5.5, where the uptake rate was about 2-times higher than the control value. FCCP, a protonophore, abolished the stimulating effect of low pHo, and low pHo conditions without a pH gradient did not stimulate the uptake rate. Overshoot uptake of Gly-Gly was observed when a pH gradient of 2 pH units was imposed across the vesicular membrane. Valinomycin-induced inside-negative K+ diffusion potential also had a stimulating effect on the uptake, and fluorescence measurements of vesicular suspensions containing diS-C3-(5) revealed the occurrence of depolarization of the vesicular membranes when Gly-Gly was added to the suspensions. Kinetic study showed that a pH gradient caused a decrease of Kt for Gly-Gly without affecting Vmax. All the data obtained indicate that Gly-Gly transport is independent of Nat, dependent on a H~ gradient, and electrogenic, suggesting the mechanism of cotransport with Ht
first demonstrated the presence of cellular uptake of intact dipeptides from the luminal fluid followed by intracellular hydrolysis into amino acids during intestinal absorption of peptides. Subsequent studies by many other investigators have established that carrier-mediated transport of intact dipeptides and tipeptides across the apical membrane of intestinal epithelial cells is one of the important pathways of absorption of protein hydrolyzates (cf. reviews by MATTHEWS, 1975; MATTHEWS and PAYNE, 1980; GANAPATHY and LEIBACH, 1982) . In contrast to transport of other important nutrients, such as D-glucose and amino acids, apical membrane transport of dipeptides has been shown to be poorly dependent on, or entirely independent of, the presence of Na+ in the external medium (CHEESEMAN and PARSONS, 1976; HIMUKAI et al., 1978 HIMUKAI et al., , 1982 HIMUKAI et al., ,1983 HIMUKAI and HOSHI, 1980; GANAPATHY et al., 1981; LEIBACH, 1982, 1983; BERTELOOT et al., 1982) . On the other hand, dipeptides added to the mucosal solution have been shown to induce cell membrane depolarization and a concomitant increase in membrane conductance in Necturus intestine in the absence of Na+ in the medium (BOYD and WARD, 1982) . HIMU-KAI et al. (1983) have also shown that glycylglycine (Gly-Gly) added to the mucosal solution causes increments in short circuit current and transmural potential difference across isolated guinea pig ileum in the absence of Nat These findings suggest that the dipeptide transport may involve interaction with a cation that is not Nat Recently, GANAPATHY and LEIBACH (1983) showed that transport of glycyl-L-proline and carnosine across intestinal and renal brush border membrane vesicles was not dependent on Na+ but significantly stimulated by a pH gradient across the vesicular membrane. This suggests the possibility that hydrogen ion plays an important role in carrier-mediated transport of intact small peptides, probably through a cotransport mechanism. The present study was aimed at examining this possibility for Gly-Gly in rabbit intestinal brush border membrane vesicles.
MATERIALS AND METHODS
Preparation of brush border membrane vesicles. Intestinal brush border membrane vesicles (BBMVs) were prepared from rabbits weighing 2.2-2.4 kg according to the Cat-precipitation method (KESSLER et al., 1978) . The original method was slightly modified in the present study. In brief, scraped mucosal tissues from the entire length of the small intestine were homogenized in a solution containing 100 mM mannitol and 10 mM Hepes/Tris (pH 7.5) using a Polytron-type homogenizer (Physcotron, Niti-on Co., Ltd., Japan). Usual serial procedures of the Ca2~-precipitation method, i.e. addition of CaC12 to the homogenate to the final concentration of 10 mM and subsequent differential centrifugations, were repeated twice. The pellet obtained by the final differential centrifugation was washed twice with 300 mM mannitol and 10 mM Hepes/Tris (pH 7.5), and resuspended in the same buffer solution at a protein concentration of about 10 mg/ml. The suspensions were stored in liquid nitrogen until use. The specific activities of alkaline phosphatase and sucrase of the finally obtained preparations were found to have been enriched by a factor of around 20.
Protein concentrations were measured by the method of BRADFORD (1976) using bovine serum albumin as a standard.
Alkaline phosphatase and sucrase were assayed by the methods of BESSEY et al. (1946) and DAHLQVIST (1964) , respectively.
Uptake experiments. Uptake of Gly-Gly by the membrane vesicles was measured at 25°C by the rapid filtration method as originally described by HoPFER et al. (1.973) using 0.45 ~cm pore-sized Millipore filters. Ten to 20 µl of the vesicle suspension (the amount of protein 100-300 µg) was placed in a plastic tube kept at 25°C and, after 1 min, 100 d of uptake media kept at 25°C was added. After various time intervals, the reaction was stopped by the addition of 4 ml of icecold stop solution and immediate filtering through a Millipore filter, followed by washing three times with 4 ml stop solution. The time required for the washing procedure was less than 20 sec. The stop solution consisted of 150 mM KSCN buffered to the same pH value as that of the uptake media with 1 mM of either Hepes/Tris or Mes/Hepes/iris.
Other specific conditions of incubation for each experiment are given in the figure explanations.
Measurements of transmembrane potential changes. A membrane potentialsensitive cyanine dye, 3,3'-dipropylthiodicarbocyanine iodide [diS-C3-(5)], was used for measurements of changes in transmembrane potential of the membrane vesicles, according to the procedure described by BECK and SACKTOR (1978) . Fluorescence change was recorded with a Hitachi fluorospectrophotometer (Type 650-105) by setting excitation wave length at 622 nm and emission wave length at 670 nm. The dye was added to the incubation medium in a cuvette as concentrated ethanol solutions to the final concentration of 2.0 /LM. The concentration of ethanol did not exceed 0.5 %. The fluorescence data are given in arbitrary units.
Chemicals. Valinomycin and carbonly cyanide p-trifluoromethoxyphenylhydrazone (FCCP) were purchased from Sigma and Aldrich, respectively. [1-14C]Gly-Gly (custom made) was obtained from Amersham International . DiS-C3-(5) was supplied by Nihon Kankoshikiso Kenkyusho (Japan Photosensitive Dye Institute, Okayama, Japan). All other chemicals were of reagent grade purity.
RESULTS
Effects of Na+ gradient and extravesicular pH on Gl y-Gly transport At first, the Na+ dependence of Gly-Gly transport was examined at different values of extravesicular pH (pH°). Gly-Gly uptake by the membrane vesicles during the initial 30 sec was measured in the presence and absence of a Na+ gradient. A Na+ gradient was imposed by adding NaSCN to the incubation medium (extravesicular solution) to the final concentration of 100 mM. In the experiments without a Na+ gradient, 100 mM KSCN was added to the medium. At pHo 7.5, there was no statistically significant difference in the uptake rate between two different incubation conditions with regard to the Na+ gradient ( Fig. 1 ), confirming our previous observation in isolated guinea pig ileum (HIMUKAI et al., 1983) . At a low pHo, e.g. 5.5, the uptake rate was found to increase markedly regardless of the presence of the Na+ gradient. As compared with the rates at pHo 7.5, the uptake rates at pHo 5.5 were about two times higher. Again, no statistically significant difference was seen between the uptake rates in the presence and absence of the Na+ gradient (Fig. 1) . The results clearly indicate that GlyGly transport across the brush border membrane vesicles (BBMVs) is independent of Na+ but stimulated by lowering external pH. The maximum stimulation was seen at pHo 5.5 (Fig. 2 ).
Effect of a pH gradient on Gly-Gly transport
To clarify the nature of stimulatory effects of low pHo, two different types of experiments were carried out. One was to compare the uptake rates at a low pHo in the presence and absence of a pH gradient across the vesicular membranes. In this series of experiments, the BBMVs were prepared at pH 7.5 and equilibrated with buffer solutions of pH 7.5 or 5.5 for 1 hr at room temperature before the uptake experiments. The vesicular uptake of Gly-Gly was examined at pHo 7.5 or 5.5 in the absence of Nat As shown in Table 1 , significant stimulation was observed when the pH gradient was imposed. However, no stimulation was observed at a lowered pH value (5.5) where a pH gradient did not exist (pH0=pH1= 5.5). Another series of experiments examined the effect of a protonophore, FCCP, on the uptake rate in the presence of a pH gradient (pHo <pH1, 5.5<7.5). It was found that the presence of FCCP (2 µM) almost completely abolished the stimulatory effect of the pH gradient imposed (Fig. 3) . These results indicate that the stimulatory effect is not due to a low pHo per se, but the effect can be ascribed to a proton gradient down across the vesicular membranes. Figure 4 shows the time courses of vesicular uptake of Gly-Gly in the presence and absence of a pH gradient. All measurements were made in the absence of Na+ in the incubation media. As seen in this figure, the initial rate of uptake was significantly stimulated by an imposed pH gradient and transient overshoot uptake was seen when a pH gradient was present. Peak uptake occurred about 30 sec after the start of incubation, after which the uptake value rapidly decreased toward a minimum value at about 2 min. Thereafter, a slow gradual increase continued for more than 30 min in all experiments even in the absence of a pH gradient. Such a slow gradual increase has not been previously reported for Na -dependent transport of D-glucose or amino acids. Therefore, this feature seemed characteristic of Gly-Gly. This may be related to intravesicular hydrolysis of Gly-Gly as discussed later.
The effect of the pH gradient on kinetics of Gly-Gly transport was studied over a range of Gly-Gly concentration from 12.5 to 0.2 mM. Higher concentrations of Gly-Gly were also examined, but significant data could not be obtained because of larger scattering of data. This is probably due to relatively large passive influxes as compared with the mediated components at higher concentrations. Therefore, observations were limited to the changes in kinetic parameters caused Fig. 3 . Effects of FCCP on Gly-Gly uptake at two different pHo (7.5 and 5.5). BBMVs were preincubated in a solution containing 300 miss mannitol, 10 mM Hepes/Tris (pH 7.5), and either 50 yM FCCP or 0.5% ethanol as control.
The uptake media contained 100 mM mannitol, 100 mM KSCN, 0.2 mM [l-14C]Gly-Gly and either 10 mM Hepes/Tris (pH 7.5) or 10 mist Mes/Hepes/Tris (pH 5.5). The incubation time was 10 sec in this series of experiments.
A horizontal bar at the top of each column shows a positive value of the standard error of mean.
by an imposed pH gradient. Lineweaver-Burk type plot of the data obtained gave straight lines in either the presence or absence of a pH gradient (Fig. 5) , indicating the conformance of the transport to simple Michaelis-Menten kinetics regardless of the presence of a pH gradient. The presence of a proton gradient Gly-Gly uptake was measured during the initial 10 sec of incubation in media containing 100 mM KSCN, 90 mM mannitol, 20 mM of either Mes/Hepes/Tris (in cases of pHo 5.5, S) or Hepes/Tris (in cases of pHo 7.5, 0), and Gly-Gly at various concentrations.
The uptake rate (V) was expressed in nmol • mg protein-1.10 sec-1, and Gly-Gly concentration (S) in mM. Each point represents the mean ±S.E. of four determinations. The points without horizontal bars had a standard error smaller than the diameter of the circles. down across the membranes caused a decrease in Kt value for Gly-Gly without affecting the Vmax value (Fig. 5) . The Kt value decreased from 0.43 mM in control (pHo=pHi=7.5) to 0.25 mM when a pH gradient (pHo 5.5 and pHi 7.5) was imposed.
Effect of transmembrane potential and electrogenic property of Gly-Gly transport
In order to induce an inside-negative transmembrane potential, BBMVs were preloaded with 100 mM K2SO4 prior to use for uptake experiments. The suspension of the K+-loaded vesicles in a 100 mM K2SO4 solution was diluted with 10 times volume of a K+-free incubation medium which contained 10 µM valinomycin. That valinomycin effectively induces inside-negative K+ diffusion potential under such conditions was ascertained by measurements of fluorescence change using diS-C3-(5) as described below. As shown in Table 2 , valinomycin added to the incubation medium significantly stimulated the uptake in the presence of a pH gradient. The data suggest that Gly-Gly transport is electrogenic probably because of coupling with Ht The electrogenic property of Gly-Gly transport was further ascertained by observing the changes in transmembrane potential induced by addition of Gly-Gly into the incubation medium. A membrane potential-sensitive cyanine dye, diS-C3-(5), was used for this purpose. Figure 6 shows a representative trace of the fluorescence change induced by Gly-Gly. As a control, L-glucose, which is not transported by a carrier-mediated process in intestinal BBMVs, was added to the same concentration. As seen in this figure, a significant increase in fluorescence intensity occurred only when Gly-Gly was added. It was ascertained by observations of valinomycin-induced K+ diffusion potential that the fluorescence increase corresponded to the depolarization of the transmembrane potential. Such a GlyGly induced fluorescence increase was reproducibly observed irrespective of the presence of Na+ in the external medium. Also, the feature of fluorescence change was unchanged when Na+ was totally replaced with K+, choline+, Tris+, or Lit n-Glucose was found to induce a similar fluorescence increase (membrane depolarization) only when Na+ was present in the external medium (data not shown). 
DISCUSSION
The results of the present study indicate that Gly-Gly transport across the brush border membrane of rabbit small intestine is independent of Nat, stimulated by an inward proton gradient, and electrogenic. The dependence on a proton gradient was ascertained by two different series of experiments, one to compare the uptake rates at a low pHo with and without a pH gradient and the other to examine the effect of a protonophore, FCCP, which rapidly dissipates W gradient across biological and artificial lipid membranes (MITCHELL, 1970) . The electrogenic property was examined by observing the effect of valinomycin-induced inside-negative K+ diffusion potential and Gly-Gly-induced fluorescence change by using a membrane potential-sensitive dye, diS-C3-(5). All the data obtained support the hypothesis that Gly-Gly transport is dependent on an inward proton gradient and associated with transfer of net positive charge carried by a cation which is not Nat These facts strongly suggest that Gly-Gly is transported with H+ by a cotransport mechanism as suggested by LEIBACH (1983), and GANAPATHY et al. (1984) for glycyl-L-proline, L-carnosine, and glycylsarcosine.
If Gly-Gly is cotransported with H+, the presence of a sufficiently large proton gradient across the vesicular membranes should induce uphill transport of the dipeptide into the vesicles. This was also shown to be the case in the experiments in which the time course of vesicular uptake of Gly-Gly was examined in the presence and absence of the pH gradient of 2 pH units. The peak uptake in the presence of the pH gradient, which occurred at about 30 sec after the start of incubation, significantly exceeded the uptake values at 5 and 12 min. However, because of the presence of a slow and continuous increase in the uptake, the peak value was only slightly higher than the value attained at 30 min when the equilibrium of Gly-Gly concentration seemed to have reached across the vesicular membranes. The reason for the occurrence of the slow and continuous increase is not clear at the present time. Such a slow increase in uptake is not usually observed for D-glucose and amino acids. Glycine-dipeptides are known to be hydrolyzed into constituent amino acids even within purified intestinal BBMVs probably by the activity of membrane-associated dipeptidase(s) (SIGRIsT-NELs0N, 1975; GA-NAPATHY and LEIBACH, 1982) . Accordingly, accumulation of radioactive free glycine in addition to nonhydrolyzed Gly-Gly may be responsible for the slow continuous increase in uptake value that was measured with radioactive Gly-Gly. This means that the true equilibrated level of Gly-Gly may be somewhat lower than those estimated at 12 and 30 min, and that the observed peak uptake in the presence of the pH gradient significantly exceeded the true equilibrated level. Recently, we demonstrated marked overshoot uptake of Gly-Gly in renal BBMVs in the simultaneous presence of a pH gradient and an inside-negative transmembrane potential (TAKUWA et al., 1985) . The BBMVs used in that experiment were prepared by the Mg/EGTA method of BIBER et al. (1981) , which has been shown to yield BBMVs less permeable to W and other monovalent cations (SABOLIC and BURCKHARDT, 1984) . This indicates that a proton gradient can drive uphill transport of dipeptides when a sufficiently large gradient is imposed across the brush border membranes. Another important aspect of ion-coupled cotransport of nonelectrolytes is the increase in electrical conductance of the transporting membranes (HosHI and HI-MUKAI, 1982; HosHI, 1985) . BoYD and WARD (1982) demonstrated that in Necturus intestinal cells, dipeptides added to the mucosal solution induced cell membrane depolarization and concomitant decrease in the input resistance. They also showed that these electrical changes were not dependent on the presence of Na+ in the medium. Similar Nat-independent electrical changes were confirmed with Gly-Gly and L-carnosine in Triturus intestine in our laboratory, and, furthermore, it was observed that the changes in the transmembrane potential and conductance were augmented by lowering external pH (Shimada and Hoshi, unpublished observation). These findings also seem to corroborate the possible mechanism of H+-coupled cotransport of Gly-Gly and other dipeptides across the intestinal brush border membrane.
It is well known that intestinal and renal brush border membranes have many types of Nat-coupled cotransport carriers for physiologically important organic solutes and anions (SCHULTZ and CURRAN, 1970; HosHI and HIMUKAI, 1982) .
The transport of a solute by a Na+-coupled carrier mechanism in animal cells is classified into the secondary active transport since electrochemical potential difference of Na+ across the cell membranes effectively drives the uphill transport of the cotransported substrate, and the Na+ electrochemical potential difference is maintained by the activity of the Na+, K+ pump located in the cell membrane (HEINZ, 1978; SCHULTZ, 1978 SCHULTZ, , 1980 HOSHI and HIMUKAI, 1982) . The Nat, K+ pump is classified as primary active transport, since it converts chemical energy of ATP into its osmotic (and electrical) work directly. The coexistence of the Nat, K+ pump and the Na+-coupled cotransport mechanism in the cell membranes enables the cells to transport a cotransported substrate in an uphill manner with high efficiency. For example, the Na+/D-aldohexose cotransporters in the brush border membranes of the enterocytes can accumulate 3-0-methylglucose, a nonmetabolized hexose, within the cells about 70-fold when the Na+, K~ pump is intact and carrier-mediated exit of the sugar is blocked by cytochalacin B (KIM-MICH and RANDLES, 1979) . In the case of the H+-coupled cotransport, as demonstrated for Gly-Gly in the present study, a similar type of energy coupling cannot be considered since the primary active transport mechanism extruding H+ out of cells does not exist in the cell membrane.
Although extensive studies have not been made for intracellular pH in the enterocytes, the pH inside the cells has been reported to be nearly neutral (~ 6.90) in the jejunum under normocapnia (KURTIN and CHARNEY, 1984) . On the other hand, the close vicinity of the brush border membrane of enterocytes is known to be significantly acidic compared to the bulk of the luminal fluid (LUCAS et al., 1975; LUCAS, 1984) . Measurements of "microclimate pH" with pH-microelectrodes revealed that the values of pH of the close vicinity of the proximal and middle jejunal cells were 5.9 and 6.0, respectively, when the luminal bulk pH was 7.0-7.4 (LUCAS et al., 1975) . Also, such low microclimate pH has been shown to be dependent on the presence of Na+ in the luminal fluid and intracellular metabolism (LUCAS, 1984) . Accordingly, it seems reasonable to consider that a proton gradient large enough to drive uphill transfer of peptides is at least maintained across the brush border membranes of the proximal and middle jejunum nuder normal conditions. In regard to this, it is of interest to note that in coeliac and Crohn's diseases, the microclimate acidic pH is lost (LUCAS et al., 1978) and absorption of peptides is profoundly impaired (GANAPATHY and LEIBACH, 1985) . This impairment can be interpreted, at least in part, as a result of diminution of the driving force for peptide transport. The Na+/H+ antiport mechanism which has been shown to exist in the intestinal brush border membranes MURER et al., 1976; LIEDKE and HOPFER, 1982 ) is thought to be responsible for the maintenance of such a transmembrane proton gradient (GANAPATHY and LEIBACH, 1985) . Accordingly, the H~-coupled cotransport of dipeptides may be regarded as a type of active transport which can be classified into the tertiary active transport since it depends on the Na+/H+ antiport, a secondary active transport. The parallel existence of two different types of ion-coupled transport, the Na+-coupled and H+-coupled mechanisms, in the brush border membrane seems to have a special physiological meaning. When multiple transport systems utilize a common driving force, heterologous inhibition of transport may occur due to competition of the common driving force (SEMENZA,1971) . Protein hydrolyzates are important substrates to be absorbed by the small intestine under normal nutrition. Utilization of a different driving force, the proton gradient, by the peptide transport system may reduce or minimize such mutual inhibition of transport between peptides and other important nutrients, such as sugars and amino acids, during intestinal absorption after meal. We wish to thank Ms. Ikuko Yamaguchi for preparing the manuscript.
